INTRODUCTION
Hydrogels are formed through the crosslinking of hydrophilic polymeric chains so that they can hold a significant amount of water. The water-rich feature of hydrogels has found widespread use in fields such as drug delivery, 1-2 regenerative medicine, [3] [4] biosensor, 5-6 cosmetics, 7 and food chemistry. [8] [9] Nevertheless, the application of hydrogels in certain areas is still hindered due to their weak mechanical properties and/or lack of self-healing properties. Since Gong et al. used a twostep free-radical polymerization approach to create the first double network (DN) hydrogels in 2003, 10 DN hydrogels have captured increasing interests due to their appealing mechanical strength. DN hydrogels consist of two types of polymeric networks: (i) A stiff and brittle first network (e.g., bacterial cellulose, 11 agar, 12 alginate 13 ) that offers reversible sacrificial bonds and dissipates energy during the colossal deformation, and (ii) a soft and stretchable second network (e.g., poly(acrylic acid) (PAA), 14 gelatin methacrylamide (GelMA), 15 polyacrylamide (PAM) 13 ), that endows hydrogels with elasticity. The unique network structure makes them both tough and soft, 16 hence suitable for supporting and load-bearing material applications such as artificial cartilage, blood vessel, tendon, and diaphragm.
To date, most of the reported DN hydrogels are fully chemically cross-linked hydrogels, where both networks are covalently crosslinked. Their mechanical properties such as stiffness (elastic modulus 0.1-1.0 MPa), strength (tensile stress 1-10 MPa,strain 1000-2000 %, compressive stress MPa under strain 92-95 %), and toughness (fracture energy 100-1000 J/m -2 ) are comparable to elastomer and natural cartilage. 17 Despite their promising properties, the irreversible and permanent chain breakages in the first network under mechanical failture can severely obstruct their recovery and self-healing process. To enhance fatigue resistance and selfrecovery behaviors of DN hydrogels, researchers have introduced reversible noncovalent interactions containing ionic bond, 13, 18 hydrophobic association, 12, 19 π-π stacking, 20 van der Waals force, 21 host-guest interaction, 22 and hydrogen bond [23] [24] to contruct the first network. In the physically-chemically linked hybrid DN hydrogels, the physical bonds in the first network will break firstly to dissipate energy under severe loading/deformation. When the material is unloaded, the physical bonds enable the hydrogels to reorganize and reconstruct, leading to the recovery of DN hydrogels. Following such design principle and synthesis methods, numerous physicallychemically cross-linked hybrid DN hydrogels such as agar/polyacrylamide, 25 alginate/polyacrylamide, 13, 26 and bacterial cellulose/polyacrylamide, 27 agar/polyvinyl alcohol 28 have been fabricated. Although such hybrid DN hydrogels can dramatically boost the mechanical properties and self-recoverability, their fabrication techniques suffer from two main drawbacks: (1) The covalent crosslinked intrinsically soft and ductile second network (particularly PAAm-based DN hydrogels) cannot endure high loading condition after the first network is damaged. 29 This normally leads to further rupture of the entire DN hydrogels. (2) The use of toxic chemical crosslinking agents for covalently-linked first and second networks usually compromise the biocompatibility of DN hydrogels. Therefore, development of dual physically cross-linked DN (DPC-DN) hydrogels that eliminate the use of toxic chemicals can potentially address these issues and lead to materials suitable for biomedical applications.
To date, only a few DPC-DN hydrogels with varying mechanical attributes and self-healing behaviors have been developed. Chen et al. fabricated agar/hydrophobically associated polyacrylamide (Agar/HPAM) DPC-DN hydrogels through a facile one-pot approach. Due to their unique fully physical and reversible bonds, the Agar/HPAM hydrogels displayed great tensile strength, toughness, as well as quick self-recovery and visible self-healing performance without external stimuli. 25 Yuan and co-workers created a DPC-DN hydrogel using Ca 2+ linked xanthan gum (XG) chains as the first network and hydrophobically associated PAM as the second network (called XG/PAM hydrogels). The tensile stress and compressive stress of the resultant hydrogels were ~ 3.65 MPa and > 50 MPa, respectively. 18 Wang et al. developed poly(acrylic acid)-Fe 3+ /chitosan (PAA-Fe 3+ /CS) DN hydrogels deploying metal-coordination and chain entanglement as the two means of physical crosslinking. The prepared hydrogels exhibited a fracture stress of 1.4 MPa and an elongation at rupture of ~700 % after self-recovery. 30 Gong et al. prepared a poly(acrylamide-co-acrylic acid) (PAM-co-PAA)/poly(vinyl alcohol) (PVA) DN hydrogels through a facile two-step approach (copolymerization and freezing/thawing) to endow hydrogels with high mechanical, fatigue resistance, and self-recovery properties. 31 Despite the promising results, few existing DPC-DN have demonstrated their extended applications in the biomedical field, mainly due to the lack of bioactive components for cell growth.
Carrageenan, one of the natural soluble polysaccharides derived from diverse species of marine red algae, possesses a linear sulfated galactan backbone with alternating α(1-3)-D-galactose-4sulfated and β(1-4)-3,6-anhydro-D-galactose. [32] [33] [34] Among different kinds of carrageenan (such as kappa, iota, lambda), κ-carrageenan (KC) has a higher sensitivity to K + ions in forming hydrogels. 35 Moreover, KC presents immunostimulatory and anti-tumor activity, 36 and is proven to facilitate stem cell proliferation. 37 As a result, it has been extensively used in tissue engineering, [38] [39] drug delivery [40] [41] and wound dressing. 42 Herein, we design and fabricate a novel KC-based DPC-DN hydrogel consisting of hydrophobically associated PAM as the first network and ionic linked KC as the second network. We believe that the dual physical-crosslinking strategy will endow the hydrogels with the combined advantages of excellent mechanical property, selfrecovery, self-healing behaviors, as well as biocompatibility, which can significantly broaden the application of DN hydrogels, especially in the area of healthcare technologies. Potassium chloride (KCl) was obtained from Beijing Kermel Co., Ltd. (China). All chemical reagents were used as received except that KC has been dried under 37 ℃ for 24 h before use.
Fabrication of KC/PAM DPC-DN Hydrogels
KC (0.489, 0.978, 1.434 or 1.956 g) was first dissolved in 8 wt% SDS/0.9 M NaCl water solution (50 mL) and stirred for 2 h under 70 ℃. After the homogeneous solution was cooled down to 45 ℃, AM (19.56 g) and SMA (1.87 g, 2 mol% of AM) were introduced, and the resulting solution was stirred for 60 min. To obtain the second network, KCl (6 wt% of KC weight) and APS (0.6 wt% of AM weight) were added into the solution, followed by rapid degassing and transferring into a glass mold (Φ50 mm×2 mm) in an inert atmosphere. The sample was kept at 70 ℃ for 2 days to complete the polymerization process. The prepared DPC-DN hydrogels were named as KC/PAMn, where n represents the weight % of KC relative to AM (n= 0, 2.5, 5, 7.5, 10). The PAM SN hydrogels were prepared by the same method without addition of KC. AM (19.56 g) and SMA (1.87 g) were dissovled in 8 wt% SDS/0.9 M NaCl solution at 45 ℃ and stirred for 60 min. Then, APS (0.1174 g) was added into the solution followed by degassing and molding. The resulting materials were stored at 70 ℃ in an inert atmosphere for 2 days to complete polymerization and form PAM SN hydrogels. The KC SN hydrogels were prepared by dissolving an appropriate amount of KC powders into KCl (6 wt% of KC weight) solution and agitated for 2 h under 70 ℃.
After cooling, the KC SN hydrogels were formed.
Characterization
Fourier transform infrared (FT-IR) spectrometer (Nicolet 6700, Thermo) was employed to detect the chemical constitute of the KC/PAM hydrogels. The microstructures of freeze-dried and cryogenically fractured hydrogel surfaces were analyzed using with a scanning electron microscope (SEM; S4800, Hitachi, Japan), and the pore size distribution was analysis using ImageJ software. All fractured surfaces were coated with Au before measurement. Dynamic thermomechanical analysis (DMA) was conducted using DMA Q800 instrument (TA Instruments, USA). samples (4 mm in diameter and 4 mm in thickness) were subjected to sinusoidal deformation (amplitude = 20 μm) from 25 ℃ to 70 ℃ at a heating rate of 2 ℃/min. The equilibrium water contents and water swelling ratio of KC/PAM hydrogels were evaluated gravimetrically.
Specially, the cylindrical hydrogel samples were immersed in D.I. water. The swollen hydrogels were weighed after reaching swelling equilibrium. After that, the samples were dried at 60 ℃ until no further weight loss. The water contents and swelling ratio of hydrogels were determined according to the following equations:
where W0 is the weight of the as-prepared hydrogels, W1 is the weight of the swollen hydrogels, W2 is the weight of the dry cylindrical hydrogels.
Mechanical Testing
The hydrogels were cut to dumbbell-shaped samples (75 mm × 4 mm × 1.8 mm), and tested using a universal testing machine (AGIC 50KN, Shimadzu, Japan) following previously established protocols. 43 The samples were stretched at a speed of 50 mm/min under a tensile load of 10 N under ambient condition. The tensile strength and elongation of hydrogels at rupture were investigated. The Young's modulus of the hydrogels was determined according to the slope of the stress-strain curve. To investigate the energy dissipation mechanism, the dumbbell-shaped samples were stretched to a given stretch ratio (λ) and unloaded instantly to 0 N at a rate of 50 mm/min.
The dissipated energy (Uhys) was calculated by the area below the stress-strain curves. Each sample was tested 5 times, and the average value was used for further analysis.
Evaluation of Self-Healing Properties
To measure the self-healing properties, round disc specimens of hydrogels were cut into halves, and one of the discs was doped with rhodamine B for better observation. The cut discs with different colors were joined together at the cut surface and were sealed in a polyethylene (PE) bag to prevent water evaporation. Then, samples were divided into groups and stored at different temperatures (37 ℃, 50 ℃ and 70 ℃) for different periods of time (2, 5, 12, 18 and 24 h, respectively). After healing, the tensile tests were carried out at 50 mm/min, and 5 tests were carried out for each sample.
Isolation and Culture of Primary rBMSCs from Rats
Experiments involving animals have been approved by the Institutional Animal Care and Use Committee (IACUC) of the West China Hospital, Sichuan University. Briefly, the rats were sacrificed, the metaphysis from both ends of the femurs was cut open, and the marrow was extracted using low-glucose α-MEM (Sigma-Aldrich, USA). The isolated rat bone marrowderived mesenchymal stem cells (rBMSCs) were then cultivated in the α-MEM media with 10 % fetal calf serum (Hyclone, USA), 1 % penicillin-streptomycin (Gibco), and then cultured in an incubator (Thermo, USA) under 5 % CO2 at 37 °C. The medium was refreshed every 2 days, and cells from passage 3 were used for further investigation.
Cell Viability Test
Viabilities of rBMSCs were tested using cell counting kit-8 assay (CCK-8, Dojindo, Japan). After counting, rBMSCs were re-seeded onto pristine PAM and KC/PAM hydrogels with a density of at 450 nm. Six samples were tested for each group to ensure the statistical significance.
SEM and Cytoskeletal Observation of rBMSCs
FE-SEM was used to observe the cell morphology grown on the materials. After incubation for 1 day, cells on the samples were cleaned with PBS and fixed using 2.5 w/v% glutaraldehyde for 3 h.
The samples were then dehydrated with a series of alcohol solutions (concentrations ranging from 30 % to 100 %, 20 min for each concentration). Samples were dried using critical point drying followed by gold sputter coating for SEM observation (S4800).
rBMSCs were washed with a buffer solution and fixed using 4 w/v% paraformaldehyde for 0.5 h at 24 h of culture. The cells were then permeabilized with 0.1 % Triton X-100 for 8 min, before incubation in 0.25 % BSA/PBS solution for 20 min to block non-specific binding. Then, 10 µg/mL of rhodamine B-labeled phalloidin was used to stain cells for 0.5 h at room temperature. After rinsing with buffer, cells were further stained by 8 µg/mL DAPI (Sigma-Aldrich) for 20 min. The fluorescent signal from cells was captured using confocal laser scanning microscopy (CLSM, LSM510, Germany).
Statistical Analysis
Statistical analysis was performed through SPSS 19.0 software to determine the significant differences among the groups, and p values < 0.05 were regarded indicative of statistical significance. In contrast, PAM hydrogel features generally larger pores with an average size of approx. 120 μm and the walls of the macropores appear to be thinner. The KC/PAM DPC-DN hydrogels exhibit distinctive morphologies because of the double network. It is apparent that with increasing amount of KC, the pore size of KC/PAM hydrogels decreases and the pore size distribution becomes tighter, suggesting the formation of a denser structure, as shown in Figure 3c -f and Figure S1 . contents of KC/PAM hydrogels is at a similar level for samples containing 0-5% KC but the value starts to decrease with further increase in KC concentration ( Figure S2a ). The main reason is that the formation of the DN network densifies the hydrogel structure and thickens the pore walls, hence hinders the penetration of water molecules. Figure S2b reveals that the swelling ratios of all hydrogels increase rapidly in the first 75 h followed by a more gradual increase afterwards. In addition, the swelling ratio of the hydrogels increases with the increasing KC content.
RESULTS AND DISCUSSION

Fabrication of KC/PAM DPC-DN Hydrogels
The TG-DTG curves of all KC/PAM-10 hydrogels are presented in Figure S3 . The initial weight loss of all samples below 150 °C might be ascribed to the evaporation of hydrogen bound water.
The significant weight loss of KC samples ranging from 210 °C to 700 °C results from the degradation of molecular chains. 46 The pristine PAM hydrogels display a multistep thermolysis.
The degradation that takes place between 230 °C and 340 °C can be attributed to the reaction between two amide groups, which lead to the formation of a single amide group and release of the ammonia molecule. 47 The third weight loss in the range of 340-500 °C is caused by the disintegration of imides and the PAM backbone. 48 Similar to the PAM hydrogel, the degradation of KC/PAM-10 hydrogel also follows three stepsbut with a greater residual mass. The peak decomposition rate ( Figure S3 ) of KC/PAM hydrogels in the second thermolysis process also shifts to a higher temperature. These results indicate that KC/PAM DPC-DN hydrogels display a better thermal stability than PAM, due to the existence of intermolecular hydrogen interactions between the KC and PAM macromolecules as discussed earlier.
Mechanical Characterization of KC/PAM DPC-DN Hydrogels
The 
Self-Recovery and Self-Healing Performance of KC/PAM DPC-DN Hydrogels
Considering that both networks in KC/PAM DPC-DN hydrogels are physically cross-linked through reversible noncovalent interactions, cyclic loading measurements were further conducted to assess energy dissipation capacity and self-recovery property of KC/PAM hydrogels at room temperature. Figure 5a -b shows the dissipated energy (Uhys) of KC/PAM-10 hydrogels as a function of the stretch ratio (λ). The peak dissipated energy (823 kJ/m 3 ) at λ = 5 is much greater than that for physically linked PAM hydrogels reported in the literature (86 kJ/m 3 ). 25 At λ = 6, KC/PAM hydrogels display a bigger hysteresis hoop, while PAM hydrogels have a minimal hysteresis under the same conditions (Figure 5c ). Moreover, the DMA results in Figure S4 reveal that for KC/PAM-10, the storage modulus G' is higher than the loss modulus G'' even at an elevated temperature. This confirms that the hysteresis during the cyclic loading/unloading process results from the rupture of the physical bonds rather than from chemically covalent bonds. 32 These results suggest that KC/PAM DPC-DN hydrogels can dissipate energy more effectively than the pristine PAM hydrogels upon deformation. However, smaller hysteresis loops shown by the 2nd and 3rd re-loading indicate that the network cannot recover immediately. To better understand the recovery performance of KC/PAM-10 hydrogels, the hydrogel samples were stretched to λ = 6. The force is then released, and samples were stored in a sealed PE bag under ambient temperature for different periods of time, followed by cyclic loading measurements.
As shown in Figure 5d , the hysteresis loop almost recovers to its original state after 2 min sample storage. The recovery process of KC/PAM hydrogel is shown in Figure 5e . Ratio σ2/σ1 (where σ1 and σ2 denote the elastic modulus in the first and second loading cycle, respectively) was used as an index to characterize the hydrogel recovery efficiency (elasticity). It can be seen that revovery rates for stressed hydrogels with 5s and 2 min relaxation time are 83 % and 100 %, respectively.
In The self-healing efficiency of KC/PAM DN hydrogels decreases with increasing KC since KC might restrict the movement of molecular chains. In addition, as shown in Figure 6d , the selfhealing efficiency increases significantly over time, i.e., from ~33 % to ~49 % after 24 h at 70 °C for KC/PAM-2.5 hydrogels. The self-healing efficiency also increases with increasing temperature, as is shown in Table S1 ). On one hand, the elevated temperature can soften the hydrogels and allow for better contact between the fractured surfaces. One the other hand, the self-healing can be accelerated due to the increased chain mobility crossing the cut surface under higher temperature, especially at the temperature above the KC sol-gel transition temperature. Such results suggest that the employment of the physically cross-linked PAM as the first network endows the DN hydrogels with excellent self-healing behaviors. 
Mechanism of Self-Healing Properties
Biocompatibility of KC/PAM DPC-DC Hydrogels
The practical applications of DPC-DN hydrogels as artificial cartilage or diaphragm require excellent cytocompatibility of the materials. 
CONCLUSION
In summary, we have successfully fabricated KC/PAM DN hydrogels through dual physically crosslinking. The KC/PAM hydrogels consist of hydrophobically associated PAM as the soft, stretchable first network, and monovalent cation (K + ) linked KC as the stiff, brittle second network.
The synergetic interaction between the two networks within the hydrogels has led to their significantly enhanced mechanical properties (tensile strength as high as1320 ± 46 kPa and toughness as high as 6900 ± 280 kJ/m 3 ). Furthermore, the robust KC/PAM hydrogels show excellent self-recovery, self-healing capabilities, as well as appealing biocompatibility. As a result, the strategy of incorporating multiple noncovalent interactions to toughen DN hydrogels may enable their practical applications in challenging areas such as artificial diaphragm, tendon, and cartilage.
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